The medioposterior cerebellum [vermian lobules VI and VII and caudal fastigial nucleus (cFN)] is known to play a major role in the control of saccadic gaze shifts toward a visual target. To determine the relative contribution of the cFN efferent pathways to the brainstem reticular formation and to the superior colliculus (SC), we recorded in the head-unrestrained cat the effects of cFN unilateral inactivation on gaze shifts evoked by electrical microstimulation of the deeper SC layers. Gaze shifts evoked after muscimol injection still exhibited the typical qualitative features of normal saccadic gaze shifts. Nevertheless, consistent modi®cations in amplitude and latency were observed. For ipsiversive movements (evoked by the SC contralateral to the inactivated cFN), these changes depended on the locus of stimulation on the motor map: for the anterior 2/3 of the SC, amplitude increased and latency tended to decrease; for the posterior 1/3 of the SC, amplitude decreased and latency increased. For the contraversive direction, amplitude moderately decreased and latency tended to increase for all but the caudal-most stimulated SC site. These modi®cations of SC-evoked gaze shifts during cFN inactivation differed from the ipsiversive hypermetria/contraversive hypometria pattern observed for visually triggered gaze shifts recorded during the same recording sessions. We conclude that (i) the topographical organization of gaze shift amplitude in the deeper SC layers is in¯uenced by the cerebellum and is either severely distorted or demonstrates an amplitude reduction during inactivation of the contralateral or ipsilateral cFN, respectively; (ii) gaze shifts evoked by SC microstimulation and visually triggered gaze shifts either rely on distinct cerebellar-dependent control processes or differ by the location of the caudal-most active SC population. We present a functional scheme providing several predictions regarding the modulatory in¯uence of the cerebellum on SC neuronal activities and on the topographical organization of fastigial±SC projections.
Introduction
Cerebellar lesions induce typical disorders in saccadic eye movements (see for review Lewis & Zee, 1993; Leigh & Zee, 1999) . Among the most often encountered is the saccadic dysmetria, a gross loss in the accuracy of saccadic eye movements directed toward a visual target (Optican, 1982; Botzel et al., 1993) . Experimental works performed during the last two decades have delineated the lobules VI and VII of the cerebellar vermis and the underlying caudal part of the fastigial nucleus (cFN), together referred to as the`medioposterior cerebellum', as a major cerebellar centre for the control of saccadic eye movements. Electrophysiological recordings in these regions have described neuronal activities related to saccadic eye movements (in the cat, Gruart & Delgado-Garcia, 1994 ; in the monkey, Kase et al., 1980; Fuchs et al., 1993; Ohtsuka & Noda, 1991 . Saccadic eye movements are evoked by electrical stimulation of the medioposterior cerebellum (in the cat, Cohen et al., 1965; Ohtsuka et al., 1987;  in the monkey, Ron & Robinson, 1973; Keller et al., 1983; Noda & Fujikado, 1987; Noda et al., 1988) . In addition, a saccadic dysmetria is produced by experimental lesions of lobules VI and VII or of the whole medioposterior cerebellum (Ritchie, 1976; Optican & Robinson, 1980; Takagi et al., 1998; Barash et al., 1999) . Finally, an asymetric pattern of saccadic dysmetria is repeatedly produced after a unilateral reversible inactivation of the cFN: movements directed contralaterally with respect to the inactivated side are hypometric and those directed ipsilaterally are hypermetric (head-restrained monkey, Vilis & Hore, 1981; Robinson et al., 1993; Ohtsuka et al., 1994; head-unrestrained cat, Goffart & Pe Âlisson, 1994; . In spite of this large body of data, the mechanisms and the pathways through which the medioposterior cerebellum in¯uences eye or gaze saccadic movements are still a matter of debate, as detailed in the following.
From a neurophysiological perspective, it is known that the cFN projects to the contralateral reticular formation areas containing the premotor neurons for eye and head movements (Carpenter & Batton, 1982; Noda et al., 1990; Sugita & Noda, 1991) . It has been proposed that the cFN accelerates contraversive movements or regulates their duration, and contributes to an active braking mechanism for ipsiversive saccades Ohtsuka & Noda, 1995; Dean, 1995; Schweighofer et al., 1996) . Recently, a new model based on these principles has been proposed (Lefe Ávre et al., 1998; Quaia et al., 1999) . In this model, the cerebellar oculomotor vermis plays the role of a summing junction in a dynamic feedback loop by comparing the desired gaze displacement information and the feedback signal about the ongoing movement. The resulting dynamic motor error would lead to a sequential activation of the contralateral and the ipsilateral cFN. This postulated spatio-temporal modulation of fastigial activity would in turn allow control of a saccade through mechanisms similar to those proposed previously by others (early acceleration of contraversive saccades and late deceleration of ipsiversive saccades).
Besides these hypotheses favouring a dynamic control of the movement trajectory, it has been proposed that saccadic dysmetria results from the impairment of other stages in the sensori-motor transformation. Optican (1982) suggested that the medioposterior cerebellum is involved in the speci®cation of a target position signal. Similarly, based on several converging lines of evidence we have refuted the feedback mechanism as an exclusive cerebellar control of saccades and proposed that the cFN is also involved in processes that specify the metrics of an impending gaze shift (Goffart & Pe Âlisson, 1994 Goffart et al., 1998a, b) . Such a contribution of the medioposterior cerebellum could be mediated by the well-known ascending projections of the cFN to the intermediate/deep layers of the superior colliculus (SC) (in the cat, Roldan & Reinoso-Suarez, 1981; Hirai et al., 1982; Kawamura et al., 1982; Sugimoto et al., 1982;  in the monkey, Batton et al., 1977; May et al., 1990) and to the thalamic ventromedian (Nakano et al., 1980; Jimenez-Castellanos & ReinosoSuarez, 1985; Kyuhou & Kawaguchi, 1987; Steriade, 1995) and suprageniculate (Katoh & Deura, 1993; Katoh et al., 2000) nuclei.
In summary, the relative contribution of the main cFN efferent pathways to the control of saccadic gaze shifts is still debated. The goal of the present study was to get more insight into this problem and to determine which levels within the saccadic sensori-motor pathways are predominently involved in the dysmetria induced by cFN inactivation. To this end, we tested the effects of a unilateral cFN inactivation on gaze shifts evoked by electrical stimulation of the intermediate/deep layers of the SC. We addressed several questions:
d Firstly, are the gaze shifts evoked during cFN inactivation still saccadic-like' and qualitatively resemble control gaze shifts evoked before the inactivation? d Secondly, is the amplitude of evoked movements modi®ed by the cFN inactivation? d Thirdly, if amplitude changes are observed, would they be similar for different parts of the SC motor map or would they depend on the stimulated collicular locus?
The results indicate that electrically evoked gaze shifts retain typical saccadic-like' characteristics after cFN inactivation but that their metrics are systematically modi®ed. Some of these results have been presented previously in abstract form (Guillaume & Pe Âlisson, 1999) .
Materials and methods
The companion paper (Guillaume & Pe Âlisson, 2001 ) provided an analysis of gaze shifts evoked by the electrical stimulation of 25 collicular sites. A subset of 18 among these were also stimulated during inactivation of the cFN for the purpose of the present study. This allowed us to compare gaze shifts evoked from the same collicular locus between a pre-and a postinjection phase. For nine SC sites, the cFN ipsilateral to the stimulated SC was inactivated in order to investigate contraversive (relative to cFN) electrically evoked movements; for the remaining nine sites, the inactivated cFN was contralateral to the stimulated SC in order to study ipsiversive electrically evoked movements. For the sake of clarity, the data from these inactivation experiments will be presented as if the right cFN was inactivated. Thus, after mirroring some collicular stimulation sites from one SC to the other, all data concerning ipsiversive (contraversive) gaze shifts with respect to the inactivated side will be presented as if they were obtained by the stimulation of the left (right) SC. For three other SC sites, we performed control experiments either after a saline injection (two sites) or after a sham injection procedure (one site). For all 18 inactivation and three control experiments, the methods described in our companion paper (Guillaume & Pe Âlisson, 2001) for the preinactivation phase also apply to the postinactivation data reported here: mixing of stimulation and visual trials, microstimulation parameters, data recording and analysis, and exclusion criteria (initial gaze position lying outside a T5°central window, saccade truncation). Thus, we focus below on methodological issues which are speci®c to the present study.
Muscimol injection
The injection of muscimol was performed in the head-restrained animal. A thin cannula (230 mm OD, beveled tip), connected through a catheter to a 1-mL Hamilton syringe ®lled with a saline solution of muscimol (1 mgmL -1 , Sigma), was lowered through the cerebellar recording chamber and aimed at the injection site using an x±y positionner and a motor-controlled hydraulic microdrive (TrentWells, Coulterville, CA, USA). A small volume of muscimol (0.25±0.3 mL) was manually delivered by small pulses of » 0.05 mL during a total period of 10 min. The cannula remained in place for an additional 10 min before being withdrawn. The animal's head was then freed to proceed with the postinactivation recording session which lasted 1.5±2 h during which the effect of muscimol was deemed to be maximal and constant, according to previous analyses of visually triggered gaze shifts .
The injection sites in the fastigial nucleus were ®rst determined on the basis of stereotaxic information. Electrophysiological recordings were also performed and gave reliable depth information based on the different types of neuronal activity encountered in the cerebellar cortex and deep nuclei. In addition, comparing the de®cits of visually triggered gaze shifts with the previously well-described effects of cFN inactivation provided us with an immediate indication of a successful cFN inactivation. Finally, histological reconstruction of the injection sites were performed through electrolytic marks (two marks per cat) which were made at the end of the experimental series by passing cathodal current through an electrode (30 mA, 15±20 s). Figure 1 illustrates schematically the location of these marks (the original photographs of the parasagittal sections with marking lesions can be found in Pe Âlisson et al., 1998 for Cat L and in Guillaume et al., 2000 for Cat O) as well as the reconstructed injection sites which were all located in the caudal part of the fastigial nucleus.
Electrical stimulation
The determination of the threshold current intensity (T) was performed systematically both before and after muscimol injection (see Table 1 ). We found that T could vary between these pre-and postinjection phases. The fact that these modi®cations were observed even for two out of the three control experiments indicates that they were not related to cFN inactivation but rather to some nonspeci®c factors such as the duration of the sessions. Moreover, the analysis of data recorded during these control experiments showed that the characteristics of pre-and postinjection gaze shifts were rigorously the same as long as the current intensity used for this comparison was the same when expressed relative to the threshold but not when intensity was expressed in absolute units (mA) (see Results). Thus, to focus on the gaze shift modi®cations which are speci®cally related to cFN inactivation, we compared pre-vs. postinjection data collected at a comparable current intensity relative to the threshold determined at the beginning of each phase.
After the new threshold intensity was carefully determined in the postinjection phase, several current intensities were tested at a frequency of 300 pulses per second.
Data analysis
Means and standard deviations were calculated for several parameters at different current intensities. For some stimulation sites, current intensity corresponding to twice the threshold intensity (2 Q T) was not tested, either in the pre or the postinjection phase. For these sites, we linearly interpolated the data from the two intensities closest to 2 Q T. The same interpolation procedure was also used to increase the number of observations to a minimum of ®ve responses at 2 Q T, when the tonic gaze deviation observed following cFN inactivation (see led to the rejection of several responses according to the initial position criteria. Then, postinjection values were compared to preinjection ones through Student's t-tests. Finally, to summarize the effects of the cFN inactivation across all SC sites, we plotted each movement parameter, separately for preand postinjection data, as a function of the mean preinjection gaze tangential amplitude at 2 Q T. As presented in the companion paper (Guillaume & Pe Âlisson, 2001) , this last value is a functional characterization of the position of the corresponding site in the SC motor map.
Effectiveness of the inactivation of the cFN: visually guided movements analysis
The effect of the cFN inactivation was assessed by comparing the de®cits of visually guided gaze shifts to the previously published data (see . Figure 2A shows a typical example (session L13) of the relationship between horizontal amplitude and horizontal retinal error for gaze shifts recorded during the preinjection phase (open circles) and after muscimol injection in the right (i) for contraversive sessions, normalization factor = slope decrease of the relationship for the visually triggered gaze shifts recorded during the considered session/mean slope decrease computed across all nine contraversive sessions.
(ii) for ipsiversive gaze shifts, normalization factor = bias of the relationship for the visually triggered gaze shifts recorded during the considered session/mean bias computed across all nine ipsiversive sessions.
Results
The gaze shifts evoked by the electrical stimulation of the SC during the postinjection phase were saccadic-like and resembled those evoked during the preinjection phase. Indeed, as shown by the representative examples illustrated in Fig. 3 , gaze movements recorded after cFN inactivation retained the characteristic features of normal electrically evoked gaze shifts: a bell-shaped velocity pro®le with an acceleration phase shorter than the deceleration phase, a straight spatial path and a consistent contribution of both the eye and the head. Also, similarly to what is classically observed in the normal animal for gaze shifts evoked by a long stimulation train, electrically evoked gaze shifts during inactivation of the cFN terminated despite continuing SC stimulation. However, quantitative comparisons of pre-and postinactivation gaze shifts revealed consistent modi®cations in their metrics, dynamics and latency, as presented in the following.
Amplitude and direction of gaze displacement: general observations
A consistent pattern of gaze shift amplitude modi®cations during cFN inactivation emerged: an amplitude decrease for the contraversive direction and, for the ipsiversive direction, either an increase of gaze shifts evoked from anterior SC sites or a decrease of those evoked from posterior SC sites. Figure 3 illustrates each of these three types of modi®cation by representative gaze shifts. Panel A shows an example of amplitude decrease recorded for contraversive gaze shifts (site L20). The experimental design is presented in the left part and representative gaze shifts evoked during the pre-and postinjection phases are shown on the right. The current intensity of the stimulation train (horizontal grey bar) was 2 Q T. Below the temporal pro®les of gaze, eye and head horizontal displacements (top row) and the corresponding horizontal velocity pro®les (middle row), are shown the spatial trajectories of the primary gaze shifts (delimited by vertical lines in rows above). The depicted gaze shifts differed in horizontal amplitude between the pre-and the postinjection phase by 6.6°, but their direction remained the same. The two remaining panels show, using the same format as in panel A, the two types of effects that were encountered for the ipsiversive direction: an amplitude increase (Panel B, site O16) and decrease (Panel C, site O12), amounting for these depicted responses to 24°and ±35°, respectively. It will appear later that these two diametrically opposite amplitude modi®cations observed for ipsiversive gaze shifts are related to the position of the stimulation site along the antero-posterior axis of the SC. Regarding the direction of ipsiversive gaze shifts, the illustrated spatial trajectories suggest a slight modi®cation after cFN inactivation which, however, did not turn out to be consistent.
Amplitude and direction of gaze displacement: effect of current intensity Figure 4 shows, for each of the three classes of effect (same sites as in Fig. 3) , the relationships between the gaze tangential amplitude or direction and the current intensity. In the preinjection phase (open circles), there was a roughly linear relationship between the current intensity and gaze shift amplitude (see companion paper (Guillaume & Pe Âlisson, 2001) . A strong relationship between gaze amplitude and current intensity was again observed after the muscimol injection (®lled circles) but this relationship was distinct from the preinjection one. For the contraversive direction (site L20), this amplitude difference (reduction) was small but was observed for all tested current intensities (panel A). This decrease in amplitude occurred without any change in gaze direction (panel B). For the ipsiversive direction, the amplitude increased for site O16 (panel C) and decreased for site O12 (panel E). Again, the gaze direction remained practically unaffected (panels D and F). Note that, for all three types of changes in gaze shift amplitude, there was no tendency toward a reduction of these changes as the current intensity increased. Rather, the amplitude decrease recorded for contraversive movements was virtually constant and, for ipsiversive movements, the modi®cations in amplitude tended to increase as current intensity was raised.
Amplitude and direction of gaze displacement: effect of stimulation site
The distribution on the SC motor map of these different types of effects was then investigated. We plotted for all tested sites the mean tangential amplitudes (in Fig. 5 , upper row) of gaze shifts evoked at a 2 Q T current intensity as a function of the mean gaze tangential amplitude obtained at 2 Q T in the preinjection phase [the relationships for the preinjection phase (open circles) are thus the unitary slope]. The use of the preinjection mean amplitude along the X-axis allows ordering of all collicular sites based on their functional characterization (see Materials and methods) with progressively more caudal sites identi®ed by increasing X-values. For the contraversive direction (panel A), cFN inactivation led to an amplitude decrease which was statistically signi®cant for all but the most caudal site (mean decrease across all nine sites, ±7.6 T 3.6°). Thus, a slight tendency toward a reduction of the amplitude change existed as more caudal sites were considered. For the ipsiversive direction (panel B), cFN inactivation led either to a statistically signi®cant increase in gaze shift amplitude for the ®ve most anterior sites or to a signi®cant amplitude decrease for three of the four remaining sites. Thus, according to these opposite effects of cFN inactivation, an anterior zone of the contralateral SC, coding for gaze shifts smaller than 35°, can be distinguished from a more posterior zone. According to the gaze shift map reported in the companion paper (®g. 2B in Guillaume & Pe Âlisson, 2001 ), these zones would encompass the anterior 2/3 and the posterior 1/3 of the SC space, respectively. Also, these opposite amplitude effects lead to a marked reduction of the amplitude range encoded by the sampled collicular space (40 vs. 70°before inactivation) revealing a strong distortion of the SC motor map after inactivation of the contralateral cFN. Concerning the control sessions (panel C), no amplitude change was recorded following a saline or a sham injection.
As described in Materials and Methods, we investigated whether the quantitative differences of dysmetria observed between sessions (see Fig. 2B ) could have in¯uenced the electrical stimulation results by normalizing the microstimulation data based on the visually guided movement de®cits. Then a linear regression analysis between normalized and observed values was performed for each direction. The results indicated a strong correlation and a slope near unity for both contraversive and ipsiversive directions (r 2 = 0.86 and 0.96; slope = 1.3 and 1.0, respectively). Thus, we concluded that the normalization procedure did not modify the pattern of changes described in panels A and B. Consequently, no normalization has been applied to the data presented in the rest of the paper.
The lower row of Fig. 5 shows, for the pre-and the postinjection responses evoked at 2 Q T, mean gaze direction for the contraversive (panel D), ipsiversive (panel E) and control data (panel F). Considering ®rst the cFN inactivation sessions, statistically signi®-cant changes in gaze direction were observed for 10 out of 18 experiments. The mean value of absolute direction change was small (5.2 T 3.3°, n = 18, maximum change 11.1°). In addition, no ordering of these modi®cations with respect to site position was found. Finally, panel F shows that a signi®cant direction change was also present (absolute value 9.0°) for one of the control sessions. Therefore, we conclude that no consistent nor speci®c pattern of direction changes could be revealed following cFN inactivation.
Amplitude of gaze displacement during the acceleration phase and gaze dynamics
We tested whether the effects of cFN inactivation could be revealed early during the execution of electrically evoked gaze shifts. We measured the horizontal displacement of gaze achieved during the acceleration phase for the pre-and postinjection sessions (at 2 Q T). The ®rst row of Fig. 6 shows these data plotted with the same format as in Fig. 5A±C ; mean values were plotted for contraversive and ipsiversive directions and for control sessions as a function of the preinjection gaze tangential amplitude at 2 Q T. For contraversive responses (panel A), a statistically signi®cant decrease of gaze displacement during acceleration was found for two sites located anteriorly in the SC. For ipsiversive gaze shifts, a statistically FIG. 4 . In¯uence of the stimulation current intensity and of the cFN inactivation on the metrics of electrically evoked gaze shifts. Data from the same stimulation sites as in Fig. 3 illustrate the three types of amplitude change: (A) contraversive decrease, (C) ipsiversive increase and (E) ipsiversive decrease. The tangential amplitude (panels A, C and E) and direction (panels B, D and F) of gaze shifts (means T SD) have been plotted as a function of the current intensity for both the pre-(open circles) and the post-(®lled circles) injection phases. Note that, contrasting with consistent changes in gaze shift amplitude, gaze direction remained similar after the muscimol injection. signi®cant increase in acceleration amplitude was found for two sites located anteriorly in the SC, and a signi®cant decrease in acceleration amplitude was found for the three most caudal sites. Finally, for the control sessions, no statistically signi®cant change was observed. Because changes in total movement amplitude were recorded for both ipsiversive and contraversive directions (cf. Figure 5) , we expect the absence of change in acceleration amplitude denoted for several sites to be associated with a modi®cation of the relationship between gaze horizontal peak velocity and gaze horizontal amplitude. When considering the contraversive direction, the main sequence plotted for the data of site L20 (panel D, all current intensities pooled together) shows that this was not the case; the pre-and postinjection main sequences overlapped closely. The difference between this ®nding and the above prediction may be related to the too small amplitude decrease of gaze shifts in the contraversive direction. A preserved main sequence relationship was also observed for all remaining contraversive sites. Concerning the ipsiversive direction, for the ®ve rostral sites (i.e. for which an increase of total gaze shift amplitude was observed without large increase during the acceleration phase), gaze peak velocity was, as expected, systematically below the preinjection main sequence. An example of this modi®c-ation is illustrated for site L07 (panel E). In contrast, no such modi®cation was encountered for the caudal part of the SC, as illustrated for site L13 (panel F).
Gaze latency
The inactivation of cFN also altered the latency of electrically evoked gaze shifts. Figure 7 depicts, in the same format as for the previous ®gures, the mean latency of gaze shifts evoked at 2 Q T before and during cFN inactivation. For the contraversive direction, a statistically signi®cant increase in gaze latency was found for four sites. For the ipsiversive direction, a large latency modi®cation was also observed for the two most caudal sites. In contrast, a tendency toward a latency decrease was noted for sites showing an amplitude increase but the difference was statistically signi®cant for two sites only. A comparison with Fig. 5 indicates that the statistically signi®cant latency increases, observed for six sites, were always associated with a decrease of gaze shift amplitude, irrespective of the direction of the FIG. 5 . In¯uence of the stimulation site position on the SC motor map and of the cFN inactivation on the metrics of electrically evoked gaze shifts. Nine stimulation sites evoked contraversive responses (left column), nine sites evoked ipsiversive responses (middle column) and three sites were studied during control injections (right column). (A±C) The mean tangential amplitude of gaze shifts evoked at a current intensity of 2 Q T before (open circles) and after (®lled circles) muscimol injection is plotted as a function of the mean gaze tangential amplitude elicited at a 2 Q T intensity during the preinjection phase (the preinjection phase plots thus yield a unity slope). Stimulation site positions are ranked according to the preinjection gaze amplitude in the following increasing order: O11, L12, L20, L04, L19, L06, L21, O18, O06 for the contraversive direction; L05, O05, O14, L07, O16, O13, L14, L13, O12 for the ipsiversive direction and O02, L02, L01 for control sessions. Note that two points with very similar abscissae (40 vs. 41) are superimposed. (D±F) The mean direction of gaze shifts are plotted with the same format as in panels A±C. Student's t-test: *P < 0.05, **P < 0.01, ***P < 0.001, o P > 0.05.
evoked response relative to the inactivated cFN. Moreover, latency decreases, although less often signi®cant (two sites), were associated with an amplitude increase. No alteration in gaze latency was recorded for control sessions.
Discussion
In this study, we tested the effects of cFN inactivation on gaze shifts evoked by the electrical stimulation of intermediate/deep layers of the SC. We ®rst observed that these movements were still saccadic-like, without gross change in spatial path, velocity pro®le or eye/head coordination. Of particular interest is the fact that these gaze shifts stopped well before the end of the electrical stimulation, which indicates that mechanisms involved in the termination of collicularevoked gaze shifts do not exclusively rely on the medioposterior cerebellum. Such an observation is not consistent with one of the predictions of the model proposed by Lefe Ávre et al. (1998) and Quaia et al. (1999) , according to which gaze shifts evoked electrically and directed toward a lesioned cFN should last as long as the stimulation is applied (see page 1015 of Quaia et al., 1999). As detailed in the text, these three stimulation sites were selected to illustrate each of the three types of change in total movement amplitude previously described (D, contraversive decrease in total movement amplitude; E, ipsiversive increase; F, ipsiversive decrease). Note the change in the main sequence relationship for the site for which an increase in total movement amplitude was recorded.
Despite this preservation of the saccadic-like aspect of evoked gaze movements and of their direction, the amplitude was signi®cantly altered following muscimol injection for the majority of stimulation sites (16 out of 18). These changes depended both on the gaze shift direction with respect to the inactivated side and on the position of the stimulation site on the SC motor map. The most unexpected ®nding concerns ipsiversive gaze shifts, the amplitude of which increased for the anterior 2/3 of the SC and decreased for the remaining (caudal) sites. The relationship between peak velocity and amplitude of evoked gaze shifts was modi®ed (reduced peak velocity) only for those ipsiversive responses for which an amplitude increase was recorded. In addition, the gaze amplitude changes were not restricted to the deceleration movement phase. Finally, some alterations in gaze shift latency were also observed during cFN inactivation and, although less consistent than amplitude changes, were associated with the latter; the latency tended to increase when the amplitude decreased and vice versa.
From a general point of view, the present study shows, to our knowledge for the ®rst time, that a localized cerebellar lesion could induce a marked alteration of a motor map. In particular, the amplitude coding of ipsiversive movements was strongly distorted after cFN inactivation because the largest gaze shifts were no longer evoked from the most caudal sites but instead from sites located in the intermediate SC zone (see Fig. 5B ). In the following, we compare our ®ndings with previous data and discuss possible interpretations.
Comparison with previous studies
Studies combining, in alert and behaving animals, electrical microstimulation and localized lesion/inactivation have been rare. We know of only one report on the effect of inactivation of an oculomotor structure (SC) on saccades evoked by electrical stimulation of another structure (frontal eye ®eld, FEF) (Hanes & Wurtz, 2001) . The modi®cations in saccade metrics, latency and dynamics observed in their study suggested a strong, topographically organized, projection from FEF to SC. Based on the ®ndings of the present study, we will argue below that projections originating from the cerebellum also have a topographically organized in¯uence on the activity of the SC motor map. However, we are not aware of any previous attempt to test this hypothesis by measuring the effect of cerebellar lesion on movements evoked by electrical stimulation of the SC.
Studies of the neurophysiological substrate of saccadic adaptation may be worth considering at this point because adaptative processes are known to involve functional changes at the level of lobules VI and VII of the cerebellar vermis and of the cFN (Optican & Robinson, 1980; Goldberg et al., 1993; Desmurget et al., 1998 Desmurget et al., , 2000 Takagi et al., 1998; Barash et al., 1999) . Two studies (Fitzgibbon et al., 1986; Melis & Van Gisbergen, 1996) have tested the effects of saccadic adaptation on saccades evoked by electrical stimulation of the SC but found none. These observations apparently contrast with the present results, which could be related to the use of different cerebellar perturbations', the muscimol injection most probably leading to a stronger and less speci®c perturbation than the neurophysiological changes underlying saccadic adaptation. Nevertheless, the fact that these`cerebellar perturbations' lead to different changes for visually triggered and electrically evoked saccades is a common observation; in the case of saccadic adaptation, visually elicited responses were changed by the adaptation procedure but electrically evoked responses were not; in the present study, both categories of movements were affected by cFN inactivation but with qualitative and quantitative differences. The initial hypothesis that the SC resides downstream from the level(s) modi®ed by the adaptation procedure (Fitzgibbon et al., 1986) is not compatible with more recent data (Goldberg et al., 1993; Melis & Van Gisbergen, 1996; Frens & Van Opstal, 1997 ) and this issue is still unresolved (see for discussion Desmurget et al., 2000) . Another possibility which assumes different control types for these two categories of movements will be considered in the`comparison with visually guided responses' section below.
For gaze shifts directed toward the inactivated cFN, we observed opposite amplitude changes according to the position of the stimulation site on the motor map. This ®nding indicates that, for these ipsiversive gaze shifts, cFN projections have an opposite effect on the activity of neural circuits involved in small gaze shifts (negative) as compared to those producing large movements (positive). Thus, in agreement with anatomical evidence of an entirely crossed cFN projection to the reticular formation (Carpenter & Batton, 1982; Noda et al., 1990; Homma et al., 1995) , this rules out the sole implication of a direct cFN in¯uence on short lead burst neurons in the reticular formation, because these populations are indifferently recruited for gaze shifts of all sizes. Indeed, both thè brake' Ohtsuka & Noda, 1995) and the`choke' (Lefe Ávre et al., 1998; Quaia et al., 1999) hypotheses, which involve this crossed cFN projections to reticular formation short lead burst neurons, predict an amplitude increase for all saccades directed toward an inactivated cFN. The observations reported in the present paper rather suggest that the in¯uence of the cFN on the superior colliculus has a major role in the ipsiversive gaze shift modi®cations and is topographically organized. Concerning the ®rst point, one must make an important remark. Classically, it is assumed that an electrical activation directly drives SC output neurons at a postsynaptic level. According to this idea, in¯uences exerted by collicular afferents should be bypassed by the electrical stimulation. Nevertheless, a recent study in the rat cortex showed that the main effect of electrical stimulation is not mediated through axon initial segments but instead indirectly through axonal branches (Nowak & Bullier, 1998) . Transposition of this result to the SC suggests that electrical stimulation would recruit the important ®ber network which is involved in inhibitory and excitatory lateral interactions (Behan & Kime, 1996; Meredith & Ramoa, 1998; Munoz & Istvan, 1998; Olivier et al., 1998; Pettit et al., 1999) and which drives SC output neurons. Thus, electrical stimulation would presynaptically recruit SC output neurons and would not completely bypass the activity modulations of the SC resulting from its afferents, including those from the cFN. Concerning the second point related to the topographical organization of cerebellar in¯uences, results obtained by Westby and his collaborators must be noticed. They demonstrated in the rat a topographically organized modulation of SC neuronal activities by the cerebellum (Westby et al., 1993 (Westby et al., , 1994 , with the pattern of collicular activity modi®cations matching the topography of cerebellotectal projections (Niemi-Junkola & Westby, 2000) . It is thus important to ask whether, in our study, the proposed changes of SC activity after cFN inactivation are also related to the topography of the feline fastigial±SC projections.
Neurophysiological substrate: contribution of direct fastigial± SC projections
It is generally accepted that the fastigial±SC projections are relatively strong and terminate bilaterally and symmetrically in the intermediate/deep layers of the SC, with a preponderance in the contralateral SC (in the cat, Cohen et al., 1958; Angaut, 1969; Angaut & Bowsher, 1970; Edwards et al., 1979; Roldan & ReinosoSuarez, 1981; Hirai et al., 1982; Kawamura et al., 1982; Sugimoto et al., 1982;  in the monkey, Batton et al., 1977; Gonzalo-Ruiz et al., 1988; May et al., 1990) . Unfortunately, the topographical organization of these projections is controversial in the cat because suggestions range from a preferential access to the caudal SC (Roldan & Reinoso-Suarez, 1981) , medial SC (Sugimoto et al., 1982) or rostral SC (Hirai et al., 1982) to a widely distributed access to the whole rostro-caudal stretch of the SC .
Other results concerning the ultrastructural organization of cerebello-tectal projections are crucial for the interpretation of our data. Except cerebellar efferents contacting the inferior olive, the projections from the deep cerebellar nuclei (including cFN) are assumed to be excitatory (Ito et al., 1970; Ohtsuka, 1988) . In addition, based on electron microscopy studies of the SC and thalamic nuclei, it has been proposed that the afferent cerebellar ®bers could synaptically contact both output neurons and local circuit neurons in these structures (Kultas-Ilinsky et al., 1980a,b; Warton et al., 1983) . Thus, the cerebellum could exert both a direct excitatory drive and an indirect in¯uence on SC output neurons, the excitatory or inhibitory nature of the latter effect depending on the local interneurons involved.
Based on these data from the literature and on our results described in the present and the companion paper (Guillaume & Pe Âlisson, 2001 ), we propose a hypothetical scheme of the cerebellar control of gaze shifts evoked by electrical stimulation of the SC (Fig. 8) . To elaborate this scheme we used the behavioural changes resulting from cFN inactivation to predict the underlying modi®cations of the activity of collicular output neurons. Then, a plausible pattern of fastigio-collicular projections is proposed to account for these topographically ordered changes in SC neuronal excitability. This proposed pattern is based both on the possibility of cFN neurons to contact output neurons and/or putative inhibitory interneurons in the SC (Kultas-Ilinsky et al., 1980a,b; Warton et al., 1983) and on the known intracollicular lateral inhibition mechanisms (Behan & Kime, 1996; Meredith & Ramoa, 1998; Munoz & Istvan, 1998) . In the following, we develop this reasoning separately for both movement directions.
For ipsiversive gaze shifts, cFN inactivation led to an increase of the amplitude of gaze shifts elicited from the rostral 2/3 of the contralateral SC and to a decrease of responses elicited from the remaining caudal zone. Thus, according to the positive relationship between the size of recruited SC population and the gaze shift amplitude reported in our companion paper (Guillaume & Pe Âlisson, 2001) , we propose that stimulation in the rostral SC zone recruits a larger neuronal population during cFN inactivation as compared to that engaged by the same stimulation in a normal animal. Conversely, stimulation in the caudal SC during cFN inactivation would engage a reduced population of SC neurons. These modi®cations in neuronal recruitment re¯ect an increased or a decreased excitability of output neurons located in the rostral or caudal SC zones, respectively. In turn, such site-dependent variations of neuronal excitability (and/or neuronal background activity) reveal the existence of a topographically organized fastigial drive (see Niemi-Junkola & Westby, 2000 , for an electrophysiological demonstration for other types of cerebello-collicular projections in the rat). Several underlying patterns of fastigial±SC projections can in theory account for our data. For the sake of demonstration, we have chosen a scheme which incorporates projections onto the anterior SC zone and we postulated that the crossed fastigial±SC projections inhibit output neurons of the anterior zone through local inhibitory interneurons. Thus, cFN inactivation would lead to an over-activation of output neurons in the anterior SC and, through intracollicular inhibition mechanisms, to an under-activation of the remaining output neurons in the caudal SC.
Concerning the contraversive gaze shifts, the removal of a fastigial drive onto the premotor neurons in the reticular formation must also be taken into account. Because these reticular neurons are recruited for all contraversive movements, their deactivation should contribute to a large and generalized reduction of gaze shift amplitude. Contrasting with this prediction, our ®ndings indicate that the actual amplitude reduction is quite small, especially for gaze shifts evoked from caudal SC sites, suggesting that the contribution of reticular neuron deactivation is counterbalanced by an increased excitability of output neurons in the caudal SC. This may in turn be accounted for by the removal of a direct excitatory fastigial drive onto output neurons of the rostral SC and, through intracollicular inhibitory connections, of an indirect inhibitory drive to the caudal SC (Fig. 8) . Note that this pattern of excitability changes in the ipsilateral SC is opposite to that induced in the contralateral SC, which complies with the`push±pull' organization of the SC. This scheme is speculative because our data do not allow us to reject alternative patterns of fastigial±SC projections which would lead to similar changes of excitability in the SC motor map (e.g. fastigial projections to the caudal SC contacting output neurons on SC-evoked gaze shifts during cFN inactivation 1355 the contralateral SC and inhibitory interneurons in the ipsilateral one). Nevertheless, the ®ndings reported in the present and in the companion paper (Guillaume & Pe Âlisson, 2001 ) taken together provide predictions for further studies: (i) the size of the activated neuronal population in the SC contributes to the coding of gaze shift amplitude and is controlled by the cFN; (ii) the direct fastigial±SC projections are topographically organized along the SC anterioposterior axis; (iii) the fastigial efferents contact different neuronal types in the ipsilateral and contralateral SC. We address below a possible indirect fastigial±SC projection which could complement these direct pathways.
Neurophysiological substrate: contribution of indirect fastigiotectal projections
One potentially important pathway involves the nucleus prepositus hypoglossi (NPH). Indeed, the cFN projects on the contralateral NPH (McCrea & Baker, 1985; Ohtsuka, 1988) , which in turn sends bilateral projections to the SC (in the cat, Graybiel, 1977; McCrea & Baker, 1985; Stechison et al., 1985; Appell & Behan, 1990; Higo et al., 1992;  in the monkey, Hartwich-Young et al., 1990) . These preposito-collicular projections follow a strict topographical organization: ipsilateral projections terminate exclusively in the rostral SC, and the contralateral projections show a rostro-caudal gradient, increasing in strength toward the caudal part (Corvisier & Hardy, 1993 . In addition, several pieces of evidence indicate that preposito-collicular neurons are inhibitory (Appell & Behan, 1990; . Therefore, an inactivation of the cFN located on the right side of the brain would lead to an activity increase (disinhibition) for collicular neurons reveiving afferents from the left NPH (i.e. in the rostral part of the left SC and in the caudal right SC). Such a pattern of activity modi®cations in the SC is fully consistent with that of the scheme proposed above and hence may contribute to the observed modi®c-ation of SC-evoked gaze shifts
Comparison with visually guided responses
The fact that the cFN inactivation induces an ipsilateral bias in the orienting behaviour toward visual targets and in the ®xation of these targets as well as consistent modi®cations in latency (Goffart & Pe Âlisson, 1997) are compatible with our hypothesis of a pertubation of the collicular motor map. However, the effects of cFN inactivation on electrically evoked gaze shifts and on visually triggered gaze shifts differ on two points: ®rst, the amplitude decrease observed for some ipsiversive gaze shifts in the case of the electrical stimulation has not been observed for visually guided movements; and second, for contraversive gaze shifts, the amplitude decrease found for caudal sites was much smaller than the 50% reduction observed for visually guided responses. These differences would suggest that electrically and visually evoked movements are controlled by separate cerebellar-dependent mechanisms. A second, non-exclusive, explanation is that the range of visually guided responses tested during cFN inactivation (» 50°) actually involved only the anterior 2/3 of the SC, whereas the whole antero-posterior extent of the SC was tested in the present study. Thus, this hypothesis predicts a different pattern of dysmetria for visually triggered gaze shifts involving the caudal SC zone as compared to other (smaller retinal errors) movements. Further recordings of gaze shifts toward eccentric targets (> 60°) after cFN inactivation are necessary to test this possibility.
Conclusions
This study shows that, in the head-unrestrained cat, the electrical stimulation of the SC during a unilateral cFN inactivation still produces saccadic gaze shifts which resemble those evoked in the normal animal. However, cFN inactivation led to a gross alteration of the amplitude map of the SC contralateral to the inactivated side. The organization of the map contained in the other SC was preserved but underwent a decrease in the amplitude code. We suggest that direct or indirect fastigial±SC projections play an important role in the production of these effects. Although differences between electrically evoked and visually triggered gaze shifts remain to be elucidated, these data favour an implication of these pathways in the dysmetria of natural, visually triggered, gaze shifts.
